Self-assembled monolayers (SAMs) of dodecanethiol (DDT), octadecanethiol (ODT), and resorcinarene C10 tetrasulfide (RC10TS) on Au(111) were characterized by scanning tunneling spectroscopy (STS) under ultrahigh vacuum conditions and evaluated as ultrathin resists. A voltage division factor η was used to parametrize the equilibrium Fermi energy level E f in terms of an applied voltage bias. Nominally symmetric tunneling (η ∼ 0.5) conditions were established by acquiring conductance spectra over a range of set point voltages. The electrical conductivity of the monolayers was observed to be dependent on both the monolayer thickness and the nature of the Au/S bonding. Leakage current densities across DDT and RC10TS SAMs on Au were estimated, with the latter comparing favorably with a 1.5-nm layer of SiO 2 on Si.
Introduction
Self-assembled monolayers (SAMs) of organic compounds on surfaces are ubiquitous in the design of electronic devices with molecular and nanoscale dimensions. [1] [2] [3] [4] [5] [6] A key quality of many SAMs is their intrinsically low electrical conductance, a passive but essential feature for the realization of nanoscale electronics. Inadequate insulation is presently considered to be a serious hindrance to the continued miniaturization of integrated circuits; for example, quantum mechanical electron tunneling becomes the dominant source of leakage current across metaloxide junctions as gate oxide thickness drops below 5 nm. For silicon dioxide (SiO 2 ), recent studies indicate that the leakage current will increase by almost 12 orders of magnitude as the thickness changes from 3.5 to 1.5 nm. 7 Quantum-mechanical calculations suggest a minimum SiO 2 thickness of 1.5-2.0 nm for chip standby power requirements, 8 although a more optimistic estimate of 1.2 nm has been suggested on the basis of the fundamental physical limits of SiO 2 as a gate dielectric. 9 At this length scale variations in oxide thickness by as little as one atomic layer on a Si wafer could result in drastic variations in device performance, making it very difficult to maintain device tolerances.
Organic SAMs are intriguing alternatives to SiO 2 as electrically insulating materials. Well-ordered SAMs are uniform in thickness and can be designed with tunable interfacial properties, providing unique processing advantages for device fabrication. The electrical properties of SAMs have obvious ramifications for nanostructured device engineering; for example, SAMs composed of bifunctional molecules have enabled the layered deposition of conductive or semiconductive nanoparticulate films. 10 Electron-transfer rates across SAMs on Au(111) surfaces have been studied by electrochemical methods [11] [12] [13] [14] and conducting-probe force microscopy 15, 16 and have been correlated with changes in chain length and the molecular composition of the SAM.
Scanning tunneling microscopy (STM) can probe molecular periodicities [17] [18] [19] [20] [21] [22] [23] [24] [25] and electronic states at the molecular level [26] [27] [28] [29] [30] [31] [32] of SAMs. Ideally, one would like to place the STM probe tip directly over a molecule within a SAM and measure its conductance as a function of applied voltage (V bias ), but direct measurements of this type are often frustrated by difficulties in the precise determination of the tip-molecule separation. If the tip-molecule separation results in a vacuum gap of unknown width, or if the tip exerts sufficient force to deform the monolayer, an inaccurate measurement of the conductance may result. 15 Earlier STM studies of SAMs on Au(111) have investigated the relationship of the tunneling current to the tipsample separation in detail and support a double-layer tunnel junction model in which the conductance is a product of the transmission across the SAM and the vacuum gap. 31, 33 The transmissions are exponentially dependent on the thickness of their respective media, but their accurate measurement requires exact knowledge of the distance between tip and sample, as well as a well-defined physical model of the SAM for a valid estimation of decay constants.
Here we describe a systematic method for characterizing the tunnel barrier across highly insulating SAMs on Au(111), using scanning tunneling spectroscopy (STS) techniques under ultrahigh vacuum (UHV) conditions. Previous STS studies have been used in conjunction with theoretical developments pioneered by Datta to estimate the transport properties of moderately conductive organic "wires" as a function of molecular structure and chemical bonding. 10, 26, [28] [29] [30] 32, 34 Such treatments can in principle be extended to more insulating molecules, but the low tunneling currents at zero bias (often less than 1 pA) are accompanied by substantial experimental error. To this end, we have determined that the systematic evaluation of conductance at a threshold voltage bias enables us to estimate the conductivity of the molecules comprising the SAM to the first degree of approximation, which can then be interpreted in terms of molecular structure. We have applied this method toward measuring the electrical conductances of SAMs prepared from dodecanethiol (DDT), octadecanethiol (ODT), and resorcinarene C10 tetrasulfide (RC10TS) on Au(111) (see Figure 1) . The structure and electrochemically insulative properties of these well-ordered monolayers have been characterized by a number of experimental methods including STM, [17] [18] [19] [20] [21] [22] [23] [24] [25] 27, 35 and their differences in thickness or chemical bonding to Au make them ideal substrates for evaluating this approach.
Theoretical Considerations
Using the Landauer-Buttiker formalism, the current-voltage I-V relationship can be calculated if the transmission probability T(E,V) of an electron through a molecule is known as a function of applied voltage bias:
Here E is the electron energy, µ t and µ s are the Fermi energy levels of the tip and the substrate, respectively (see Figure 2) , and f(E) is the Fermi-Dirac distribution function. At room temperature, the cutoff in the Fermi-Dirac function effectively restricts the limits of the integral to µ t and µ s . In the limit of low bias voltage, µ t -µ s ) eV bias , so that eq 1 can be expressed as This simplified form describes T(E f ) as a direct function of current flow, scaled by the quantum of conductance G o . Calculations based on this formalism have been widely used to describe the molecular conductance of a number of organic structures based on their conductance spectra. 28, 29, 32, 34, [36] [37] [38] [39] [40] It is important to note that molecules with similar chemical structures can give rise to completely different conductances if the transmission function is modulated by extrinsic factors such as differences in chemical bonding at the substrate-molecule interface, as has been predicted theoretically. 37, 41 Three factors are critical in determining molecular conductance: T(E,V) itself, which in principle can be derived from the energy levels of a molecule adsorbed onto the substrate, the alignment of the chemical potentials µ t and µ s with respect to the molecular energy levels, and knowledge of the spatial variation of the electrostatic potential. In large metallic structures, the electrostatic potential tracks very well with the chemical potential. However, this is not necessarily the case in structures with molecular scale dimensions, in which differences between the local value of the electrostatic potential and chemical potential are usually unknown. These issues are addressed by defining a voltage division factor η to parametrize the position of µ t and µ s relative to the equilibrium Fermi energy level E f in terms of the applied voltage V bias : [28] [29] [30] 32 Based upon eqs 3 and 4, the I-V response can be expected to be reasonably symmetric when η is close to 0.5. Establishing conditions for η ∼ 0.5 across a given SAM obviates the need to obtain precise tip-sample distances or monolayer thicknesses and provides a systematic and practical approach for measuring electrical conductances across highly insulating SAMs.
Experimental Section
DDT and ODT were obtained from Aldrich and used without further purification. RC10TS was prepared according to literature procedures. 42 Micron-sized domains of atomically flat Au(111) were prepared from commercial gold films evaporated onto a Cr-backed borosilicate glass substrate (Metallhandel Schroer GmbH) by heat treatment with a propane flame. Substrates were rinsed sequentially in deionized water and ethanol and then soaked overnight in 1 mM ethanolic solutions of DDT, ODT, or RC10TS. 12, 43, 44 SAMs were characterized by reflective-absorption infrared spectroscopy (RAIRS) and optical ellipsometry and were found to be consistent with values reported in the literature. [44] [45] [46] Freshly prepared SAMs were transferred in a UHV insertion chamber operating at a pressure of 5 × 10 -9 Torr. STS studies were performed on a home-built STM housed in a stainless steel vacuum chamber operating under UHV conditions at pressures below 2 × 10 -9 Torr. Images of the underlying Au grain structure could routinely be achieved with monolayers of DDT, but imaging the Au substrate through monolayers of ODT and RC10TS proved more difficult and were characterized by occasional tip switching that would occur randomly in the image.
STS measurements were conducted using mechanically cut Pt/Ir tips and were repeated with two different tips to ensure reproducibility and to minimize possible artifacts. Set voltages corresponding to η ∼ 0.5 conditions were established by lowering an initially high set voltage bias (V set ) in 0.5 V decrements while a constant tunneling current of 0.2 nA was maintained using computer-controlled proportional-integraldifferential (PID) feedback. Set point voltages below a threshold value V min produced topographic images with high levels of noise, indicating that the tip was buried in the SAM. I-V curves were obtained by shutting off the feedback loop and recording the tunneling current as a function of voltage between (V set for different set point voltages. I-V measurements were averaged over 40 scans per set point voltage for a total sampling time of 2 s and repeated at several locations across the SAM to ensure reproducibility. The standard error for the set point current was approximately 10%. First-order derivatives (dI/dV) were obtained by performing point-to-point sliding averages of the I-V data. [28] [29] [30] 32 The voltage division factor, η, affects the limits of integration in eq 1.
Results and Discussion
The value of η is close to 0.5 when the electrostatic coupling between the tip and molecule is comparable to the coupling between the molecule and substrate. Conditions corresponding to η ∼ 0.5 were achieved at a threshold set voltage V min demarcating the transition between stable and unstable feedback, the latter characterized by high levels of noise in both the z-piezo feedback voltage and tunnel current (see Experimental section). 47 For a tunnel current of 0.2 nA, this transition occurs at a V min of +2.5 ( 0.2 V for DDT, -3.5 ( 0.2 V for ODT, and -4.0 ( 0.2 V for RC10TS. The polarity for these values of V min reflects the somewhat arbitrary choice of the sample voltage used during the initial STM imaging of the substrates, and does not affect data interpretation.
The I-V data becomes more symmetric as the set voltage approaches V min . I-V data acquired as a function of V set should become increasingly symmetric about the origin after each decrement, indicating the onset of the η ∼ 0.5 condition (see Figures 3-5) . Ideally, one would hope that the I-V curves would be perfectly symmetric, but experimental factors such as the difference in materials of tip and substrate and the inherent asymmetry of the SAMs produces discernible I-V asymmetries. Lowering the tip bias below V min increased the noise of the STM feedback voltage required to maintain set point conditions, indicating that the tip was perturbing the electronic states of the monolayer. 47 The I-V data obtained from SAMs of DDT, ODT, and RC10TS exhibit significant differences in both their conductance gaps and their relative conductances at a given voltage bias. The conductance gap of the SAMs, i.e., the voltage range for which tunnel current is below the noise level of the instrument (1 pA), can be determined straightforwardly from the dI/dV data taken at V min by extrapolating the slopes of the curves at high voltage bias toward zero current. For DDT, we estimate this to be 1.5 ( 0.5 V (see Figure 3) . The E f -HOMO energy level difference, [28] [29] [30] which is one-fourth of the conductance gap when η ) 0.5, is 0.4 ( 0.2 eV. The I-V curves and conductance spectra of ODT and RC10TS are similar to those of DDT but lose their symmetry more rapidly at higher set voltages (see Figures 4 and 5) . The estimated conductance gaps for these more insulating SAMs are 4.0 ( 0.5 and 5.5 ( 0.5 V, respectively, the latter being nearly four times larger than that of DDT (see Table 1 ). Effects, if any, from different end groups in the SAMs are expected to be minor relative to the tip's position above the substrate and are accommodated by adjusting the degree of overlap between electronic states in the molecule and the tip.
|I/V| values for all three SAMs were evaluated at the V min of DDT (-1.5 V) to provide meaningful comparisons of their relative conductances. In principle, molecular conductance values should be estimated at zero bias and expressed simply as |dI/dV| V)0 . 30 However, tunneling currents across these insulating SAMs at low bias are well below the noise levels of our instrument (∼1 pA), preventing their straightforward measurements. As an alternative, we have determined relative conductances of the SAMs at the lowest voltage bias that would allow for a direct comparison, using I-V data acquired at their respective V min . |I/V| values were normalized by G o ) 2e 2 /h, the quantum of conductance. Thus, the conductances of DDT, ODT, and RC10TS at -1.5 V were estimated to be 7.8 × 10 -7 G o , 4.1 × 10 -8 G o , and 1.0 × 10 -8 G o , respectively (see Table 1 ). 48 These conductances are at least several orders of magnitude lower than those of relatively conductive molecules on Au such as xylenedithiol or the oligophenylenedithiols, whose transmission functions have been determined theoretically and in some cases experimentally. 10, 26, 36 In the case of DDT, our results compare favorably to those recently reported for decanethiol on Au using conductive AFM techniques. 16 We observe a 20-fold difference in |I/V| V)-1.5V for DDT and ODT SAMs, which have equivalent chemisorptive properties but different thicknesses (∼1.4 and 2.0 nm, respectively). This is less than expected for alkanethiol SAMs on Au with a 50% difference in chain length, whose low-bias conductances have been shown to be exponentially dependent with a decay constant of 1.1-1.2 Å -1 . 15, 31, 33 The simple reason for this discrepancy is that strong electric fields introduce significant nonlinearities into the I-V relationship, which limits our ability to extrapolate these measurements to zero-bias conductances. However, such extrapolations may be of limited consequence for applications in which electrical insulation is a critical property.
We also observe a 4-fold difference in conductance for ODT and RC10TS SAMs, which have comparable thicknesses but different chemisorptive properties. The RC10TS SAM has a lower conductivity despite being bonded to the substrate by multiple gold-sulfur interactions per molecule. One significant factor is the strength of chemical bonding to the Au(111) surface: individual gold-sulfide (Au-SR 2 ) interactions are substantially weaker than gold-thiolate (Au-SR) interactions, implying that the electronic energy levels of the sulfide are less polarized by adsorption. A careful examination of various organosulfur adsorbates on Au(111) by X-ray photoelectron spectroscopy (XPS) demonstrated that the S(2p) binding energies of sulfides are hardly affected by adsorption onto gold, whereas those of thiols and disulfides are shifted by 1 eV or more upon binding. 49 Therefore, the sulfur atoms of alkanethiols provide relatively good electrical transmission to the Au atoms on the substrate surface, whereas the weak electronic coupling of the sulfide orbitals of RC10TS with the metal surface correlates with lower conductivity. Other theoretical studies on electronic transmission across SAMs have reached similar conclusions. 37, 41 The relatively high voltages and currents used to perform the STS measurements raise some other practical issues that must be addressed. One concern with the experimental conditions reported here is that a strong electric field can polarize molecular orbitals, effectively decreasing η below 0.5 at the threshold voltage bias. 28 Previous STM studies [17] [18] [19] [20] [21] [22] [23] [24] [25] 27 of molecules adsorbed onto Au substrates have employed relatively small tunnel currents (3-30 pA) with subsequently low voltage requirements (|V bias | < 1.2 V). However, the molecules in this study have relatively low polarizabilities because of their high volume fraction of saturated hydrocarbon so their electronic structures should not be strongly perturbed at high fields, although they may induce some nonlinearities (see above). Another concern is the possibility for oxidative damage or fieldinduced breakdown of the sample at high voltages. It has been shown that application of voltage bias in excess of 3 V on thiolpassivated Au surfaces can create etch pits and oxidize thiols under humid ambient conditions. 50, 51 However, voltage-induced degradation has not been observed during tunneling in dry nitrogen and is thus unlikely to be an issue for tunneling experiments performed under UHV conditions. This is confirmed by the reproducibility of the STS studies: multiple I-V measurements were taken repeatedly over the same spot at fields in excess of 1 × 10 9 V/m, but no discernible changes in data quality were observed.
There is general agreement that electron tunneling across SAMs on Au is mediated through-bond by a discrete number of molecules, whose local density of states offer the most efficient electronic path between tip and substrate. The conductance spectra presented in this study are also presumed to be representative of tunneling through a very limited number of molecules, because the lateral tip drift is less than one molecular cross section (0.2-0.6 nm) within the time scale of the STS measurements. Earlier calculations of tunneling probability as a function of SAM structure suggest that molecular orientation has only a modest effect on conductance, provided that conformational distortion is minimal. 33 In the case of alkanethiols such as DDT and ODT, molecules in well-ordered SAMs adopt an all-trans configuration with an orientation close to 30°from the surface normal. 52 In the case of RC10TS, evidence provided by Reinhoudt and co-workers suggest a nearly normal orientation to the Au(111) surface. 44 On the basis of these assumptions, we can estimate the leakage current density through insulating SAMs on Au(111) to the first degree of approximation and compare them to theoretical estimates of the leakage current through thin SiO 2 layers on Si. 8 The molecular leakage current density J(V) through a SAM can be expressed as where G(V) is represented by the conductance spectra at η ∼ 0.5 and πr 2 is the approximate cross-sectional area of a molecule conducting the flow of electrons. The latter parameter can be derived from the molecular periodicities of the SAMs; we infer from previous structural studies that r DDT ) 0.21 nm and r RC10TS ) 0.6 nm. 25, 52, 53 A semilogarithmic J-V plot for the 1.4-nm DDT SAM and the 2.0-nm RC10TS SAM reveals the superior insulating properties of the latter at high voltages (see Figure 6 ). SiO 2 layers with comparable leakage current densities were calculated to have thicknesses of 1.0 and 1.5 nm, respectively. 8 Although this comparison is semiquantitative at 
best, it strongly suggests that organic SAMs indeed have the potential to provide the necessary insulation for the efficient operation of molecular or nanoscale electronic circuits.
Conclusions
STS spectra obtained under η ∼ 0.5 conditions can provide useful estimates of conductance for highly insulative SAMs on Au(111). The η ∼ 0.5 criterion can be determined experimentally and independently of tip-sample distances or monolayer thicknesses. SAMs with different thicknesses and chemical bonding on Au exhibit large differences in both their conductance gaps and their conductances at high voltage bias. The RC10TS SAM was shown to have exceptional electrical insulation properties, comparable to that of a 1.5-nm layer of SiO 2 on Si. High-quality SAMs may thus possess sufficient electrical insulation to be used in future device applications. 
